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Pressure- and temperature-dependent inelastic neutron scattering
study of the phase transition and phonon lattice dynamics in paraterphenyl
Qingan Caia, Michael McIntirec, Luke L. Daemend, Chen Liab#, and Eric L. Chronistere*
Inelastic neutron scattering has been performed on para-terphenyl at temperatures from 10 to 200 K and under pressures
from the ambient pressure to 1.51 kbar. The temperature dependence of phonons, especially low-frequency librational
bands, indicates strong anharmonic phonon dynamics. The pressure- and temperature-dependence of the phonon modes
suggest a lack of phase transition in the region of 0~1.51 kbar and 10~30 K. Additionally, the overall lattice dynamics remains
similar up to 200 K under the ambient pressure. The results suggest that the boundary between the ordered triclinic phase
and the third solid phase, reported at lower temperatures and higher pressures, is out of the pressure and temperature
range of this study.

Introduction
Para-terphenyl (p-terphenyl) has attracted much attention due
to its unique electro-optical properties. These properties have
allowed p-terphenyl to be utilized in many applications
including host crystals for single molecule studies1,2, a
wavelength shifter3, and a radiation detector4. Moerner and
Lounis have reported the application of p-terphenyl as a host
crystal in the generation of triggered single photons at room
temperature5. Oxborrow et al. have reported the experimental
demonstration of a solid-state maser operating in pulsed mode
at room temperature. The gain medium of the maser was
pentacene crystal doped in a p-terphenyl matrix6. Superconductivity with Tc in the range of 43-123 K has been reported
for potassium doped p-terphenyl7–9, and superconducting
pairing with a 12 meV gap opening at 60 K was reported10. The
unknown superconductivity mechanism is thought to arise from
bipolarons or Cooper pair formation. In either case, phonons
(electron-lattice interaction) are critical to understanding this
phenomenon and deserve investigation.
Linear polyphenyls such as p-terphenyl have unique temperatureand pressure-induced solid-solid phase transitions due to the strong
coupling between molecular conformational changes and
intermolecular rearrangements11,12. At high temperature, these
molecules are flat on average but have unusual large thermal
intramolecular rotational motion about their long axis that involves
rotation of central phenyl rings through the mean molecular plane.
Solid-solid phase transitions are associated with the locking of this
rotational motion at low temperature. At high pressure, however,
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the central phenyl rings become locked in a static planar molecular
configuration.
The high temperature phase of p-terphenyl is monoclinic, with the
space group P21/a with a = 8.106 Å, b = 5.613 Å, c = 13.613 Å, 𝛽 = 92˚,
and Z = 2 (two molecules per unit cell)13. At temperatures below 193
K, every other molecule becomes constrained to one side of the
double well potential for rotation of the central phenyl ring. This
leads to an ordered structure, which can be described by a
pseudomonoclinic supercell with lattice parameters a' = 2a, b' = 2b,
c' = c, 𝛽' = 𝛽, with 4 times the volume of the high temperature
monoclinic cell (e.g., V' = a'b'c'sin𝛽' ) and 8 molecules per supercell
(Z = 8)14. If the diffraction pattern is indexed with respect to the
original high temperature monoclinic cell, then the extra peaks
appear at (½ ½ 0)15, although a triclinic cell of half this volume (with
Z = 4) is sufficient for generating the crystal16.
Temperature dependent x-ray diffraction has been utilized to
characterize the phase transition of p-terphenyl from the room
temperature disordered monoclinic phase (P21/a) to an ordered
triclinic phase (C-1) below 193 K16. Recently, diffuse neutron
scattering has been used to model the connection between
intermolecular interactions and short-range order in p-terphenyl17.
The pair distribution function (PDF) can be extracted from neutron
powder diffraction data to yield information about the molecular
structure of a compound18. This method was applied to p-terphenyl
to successfully determine the short-range order. The phase diagram
of p-terphenyl and deuterated p-terphenyl have been determined by
a collection of Raman, neutron, and optical studies, the results of
which are summarized in Fig. 1. It needs to be noted that Fig. 1 does
not include any molecular nor pair distribution function data.
Inelastic neutron scattering measurements19 have revealed evidence
for a third solid phase of p-terphenyl (phase III) at low-temperature
and high-pressure (with a triple point at T ~ 71 K, P ~ 3.5 kbar). This
phase is characterized by the appearance of a (½, ½, ½) reflection
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(referred to the high temperature monoclinic unit cell) described by
a large monoclinic supercell with a" = 2a, b" = 2b, c" = 2c, with Z =
1619. However, the smallest repeating unit for this new phase III
crystal lattice is still triclinic with Z = 4, but with a different
(uncharacterized) arrangement of the molecules compared to the
low-pressure low-temperature triclinic. To our knowledge, the only
other published neutron spectrum was taken at 130 K20. Phase
transition from the ordered triclinic phase to the third solid phase in
the low-temperature high-pressure region has not been
investigated. In the current work, low-temperature high-pressure
inelastic neutron scattering is performed to characterize the lattice
dynamics and its relation to potential phase transformations.

Experimental
Inelastic Neutron Scattering (INS) experiments were conducted at
Lujan Center at Los Alamos Neutron Science Center (LANSCE) and
Spallation Neutron Source (SNS) at Oak Ridge National Laboratory.
At Lujan Center, the data were collected on the Filter Difference
Spectrometer (FDS) beamline. FDS is an indirect geometry neutron
spectrometer that uses a combination of beryllium and beryllium
oxide filters to screen neutrons for final energies21,22. The difference
spectra were used to improve the resolution and reduce the
background. It has an energy resolution about 2~5 percent of the
energy transfer23. At SNS, the data were collected on the Vibrational
Spectrometer (VISION). VISION is an indirect geometry inelastic
neutron spectrometer that uses a white beam of incident neutrons
with two banks of seven analyzer modules, equipped with curved
pyrolytic graphite analyzer arrays that focus neutrons on two large
detectors at near-90-degree scattering angles.
An aluminum high-pressure gas cell and an aluminum clamp cell
were used at FDS and VISION respectively with closed-cycle
refrigerators to investigate the vibrational dynamics of p-terphenyl
under various temperatures and pressures. Data were collected for
p-terphenyl from 10 to 30 K over different pressures up to 1.51 kbar
(on the VISION spectrometer) and from 10 to 200 K under the
ambient pressure (on the FDS spectrometer). The raw data were
background-subtracted, and the temperature-dependent results
were corrected for phonon thermal occupation. Slight differences in
phonon energies measured by the two instruments are a result of
their different reciprocal space coverages.

carbon, the INS vibrational spectra are strongly weighted to modes
that involve hydrogen motions.
Based on prior Raman spectroscopy work24, Infrared (IR)
spectroscopy study25,26 and vibrational analysis of PTP27, types of
motion for most phonon modes can be assigned using the calculation
of low-pressure high-temperature monoclinic solid phase. The
modes below 20 meV are mainly librational motions that correspond
to low-energy long-wavelength phonons; the modes between 20 and
100 meV are primarily the ring deformation modes with the ring
breath mode near 76 and 130 meV; Out-of-plane and in-plane C-H
bending modes are between 100 and 150 meV; finally, C-C and C-H
stretching modes are near 200 and 382 meV respectively. The
measured INS spectra are in good agreement with prior Raman and
IR measurements, as shown in Table 1. Small energy differences are
expected because inelastic neutron scattering cover different parts
of the reciprocal space for periodic lattices, in which phonons are not
localized.
Effect of pressure on phonon energy
The pressure-dependent results at 10, 20, and 30 K are quite similar.
The data show pressure-induced changes in both the low-energy and
some high-energy modes as illustrated by Fig. 2. However, these
changes are generally small, suggesting no phase transition in this
pressure and temperature region. The phonon features are fitted
with Gaussian functions to examine the phonon energy shifts. Most
of the phonons modes are pressure independent showing small
energy shifts. In low-energy librational modes, such as the one at 4.9
meV in Fig. 2 (d), show slight shifts with increasing pressure. While
the high-energy modes have more noticeable shifts. For example,
The mode at 24.2 meV in Fig. 2 (d) stiffens by ~0.3 meV monotanically
from 0 to 1.51 kbar at 10 K. In conrtast, the phonon mode at 23.7
meV softens by ~0.3 meV, shown in Fig. 2 (a). This mode is related to
the deformation of the rings and is susceptible to changes in
intermolecular distances under pressure. The phonon mode softens
inhomogeneously with enhanced intermolecular interactions
induced by increased pressure. It indicates that phonon frequencies
do not depend on volume alone as in the quasiharmonic model,
revealing significant phonon anharmonicity. The anharmonicity is
also suggested by their negative Grüneisen parameters, which are
defined as the ratio between relative change in phonon energy as a
response to the relative volume change:28
&

Results and discussion
The inelastic neutron scattering data on p-terphenyl provide a
comprehensive measurement on lattice dynamics and highlight
interesting dynamical features of the p-terphenyl crystal system
under various pressure and temperature conditions. The FDS
experiment was limited to pressures below 680 bar and has lower
counting statistics than the VISION experiment so the data from the
latter is presented for the pressure-dependent results. Because
hydrogen has a neutron scattering cross section 14.8 times that of

2

*'

* ,-(' )

Eq. 1

𝛾# = − ' ) *&(+ = − * ,-(&()
(

(

where 𝑖 is the index of phonon mode, ν and V are the phonon
frequency and volume of the unit cell, respectively. This definition is
equivalent as the slope in the log-log plot of energy ratio vs volume
ratio, as shown in Fig. 328 In materials with harmonic or quasiharmonic phonons, these values are usually small (<1~2) and
positive. To evaluate the Grüneisen parameters from pressuredependent measurements, isothermal mode Grüneisen parameter
can be expressed as: 𝛾#3 = − )
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modules from literature, B = 60.15 kbar29,30, is used to calculate the
volume change as a function of pressure in triclinic crystal.

The results from the pressure-dependent measurements are quite
surprising. Five phonon modes below 15.5 meV have been studied at
low temperature with pressure dependence and they have similar
energy as the pressure dependent Raman results at 300 K. 27,31 The
calculated phonon energy increases from 0 kbar to 33 kbar at low
temperature, calculated Grüneisen parameters of these modes are
relatively large (1~3) when compared with our pressure dependent
results. Such difference might be attributed to the difference in
pressure range and phases (monoclinic and triclinic, respectively)
between calculation and our measurement. Our results indicate that
the low energy librational modes, related to the intermolecular
interactions, are surprisingly harmonic below 1.5 kbar and have more
moderate pressure dependence when compared with previous study.
27,31 The pressure-dependent results suggest that higher pressure is
required to drive the solid-solid phase transition to the proposed
phase III near these temperatures.
Effect of temperature on phonon energy

The temperature-dependent phonon spectra below 30 meV near 0.5
kbar show little changes from 10 to 30 K (from VISION spectrometer,
Fig. 5 (a)), even for librational bands below 8 meV. This is expected
because below 30 K these phonon modes are barely excited. The
results also indicate that the boundary of solid-solid phase transition
needs to be at lower temperature and/or higher pressure. Phonons
in materials usually soften (decrease in energy) at elevated
temperature due to the thermal expansion, resulting in positive
Grüneisen parameters. In p-terphenyl, the results are quite
complicated, as shown in Fig. 5 (b). While some modes, such as the
ones near 49.5 and 64.7 meV (399 and 522 cm-1), behave normally;
some other modes, such as the ones at 4.9 and 75.8 meV (40 and 611
cm-1), move to higher energy with the increase of temperature. The
temperature dependence of mode at 4.9 meV looks different from
that of Raman results24. We have much broader access to the modes
beyond zone center, so the different trends are not in conflict. Most
other phonon modes are nearly temperature independent, such as
the modes at 45.5 and 69.8 meV (367 and 563 cm-1).
Taking into account the thermal expansion, the effective mode
Grüneisen parameters in Eq. 1 are calculated based on temperaturedependent phonon spectra. Isobaric mode Grüneisen parameter can
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The total energy change with temperature dependence can be
expressed as:33
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The ambient-pressure temperature-dependent phonon spectra from
FDS covers a temperature range from 10 to 200 K for the librational
and ring deformation modes, as shown Fig. 4. Most of these phonon
peaks broaden with the increase of temperature because of the
reduction in phonon lifetime. It is reported that p-terphenyl by
potassium can bring about superconductivity at 123 K 9,10. Significant
phonon broadening from 100 K to 200 K suggests the enhanced
phonon interactions, including the electron-phonon interactions,
which likely influence the superconductivity performance. In general,
the result indicates that overall lattice dynamics remains similar at
up to 200 K under the ambient pressure.

be expressed as: 𝛾#5 = − )

thermal expansion is calculated from the anisotropic linear thermal
expansion coefficients32. It should be noted that the thermal
expansion is anisotropic in this material. The mode Grüneisen
parameters calculated from temperature- and pressure-dependent
data, 𝛾#5 and 𝛾#3 , differ significantly, as shown in Fig. 3, and Fig. 6.
The mismatch between the two sets of Grüneisen parameters is a
strong indication that their associated phonon modes are very
anharmonic and such anharmonicity might be related to the phase
instability near the solid-solid phase transition. In particular, while
the pressure data show moderate Grüneisen parameters between ±
1, the temperature data show much larger effective Grüneisen
parameters between ± 6.
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thermal expansion coefficient. Triclinic lattice structure is used to
calculate the temperature dependent volume. The volumetric

In Eq. 2, ) *3(+ represents the temperature dependent isobaric
5

energy shift, consisting of implicit and explicit contributions. Here,
the implicit part arises from the energy change induced by volume
change with temperature (quasiharmonic contributions), the explicit
part is attributed to the anharmonic contributions due to phonon
interactions. Eq. 2 can be used to build a relation between 𝛾#5 (𝑇)
and 𝛾#3 (𝑇) as: 𝛾#5 (𝑇) = 𝛾#3 (𝑇) + 𝛾#& (𝑇) , in which temperature
dependent Grüneisen parameter under constant volume, 𝛾#& (𝑇) ,
represents anharmonic contributions to the phonon energy shift. In
quasi-harmonic approximation, 𝛾#& (𝑇) = 0 , so 𝛾#5 (𝑇) = 𝛾#3 (𝑇) ,
Only volume change contributes to the total phonon energy shift.
Thus, the contradiction between 𝛾#5 (𝑇) and 𝛾#3 (𝑇) in our results
suggests that quasi-harmonic approximation cannot describe the
temperature dependence of phonon modes in p-terphenyl.
Significant contributions from anharmonic phonon potentials could
be attributed to the low-symmetry lattice structure and the phonon
eigenmodes but could also be related to the strong electron–phonon
interactions. In the potassium-doped p-terphenyl crystals, the
vibrational properties could play an important role in in the
formation of Cooper pairs induced by electron-phonon couplings
with high energy phonons.34 Electronic properties and
superconductivities of alkaline-earth metal-dopes phenanthrene,
also one of the polycyclic aromatic hydrocarbons, have also been
studied.35 From prior electron-phonon interaction simulations,
phonons induced by C-H vibrations and the coupling among
molecules, with energy at 20 meV ~ 200 meV, were showed to have
strong electron-phonon coupling. From our data, phonons below 200
meV in crystalline p-terphenyl are also related to the molecular
coupling and C-H vibrations, similar to the potassium-doped pterphenyl case. Such phonons may participate in electron-phonon
interactions and enhance the superconductivity. Therefore, the
measured phonon anharmonicity in our work could be valuable to
the study of electron-phonon interactions in p-terphenyl and the
related high-temperature superconductivity.
Phase transition estimation
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Together, the pressure- and temperature-dependent phonon
spectra provide some insights on the lower end of the boundary
separating phase II and III (Fig. 1). The measurements suggest that
this phase boundary may have an intercept at T = 0 K above 2 kbar.
The phase II and III boundary has only been reported for deuterated
p-terphenyl in Fig. 1. Thus, it is possible that such phases transition
may not even exist in p-terphenyl. It is also likely that the phase
boundary is shifted to higher temperature (e.g., +10 to +20 K) and
higher pressure (e.g., +0.5 kbar), analogous to the shift in the phase
I/II boundary between deuterated and crystalline samples. However,
it is also possible that the phase boundary terminates at a critical
point beyond measured region.

Conclusions
The temperature- and pressure-dependent phonon lattice dynamics
measurements on p-terphenyl were conducted by inelastic neutron
scattering. The low-temperature high-pressure results indicate the
absence of a solid-solid phase transition between 0 and 1.51 kbar at
10~30 K and the lattice dynamics remains similar at up to 200 K under
ambient pressure. The results suggest a likely positive intercept or
critical point above 2 kbar for the solid-solid phase boundary. It is
also possible that this phase II/III boundary is shifted to higher
temperature and higher pressure, analogous to the shift in the phase
I/II boundary. The inelastic neutron scattering results also show a
variety of energy dependence of different phonon modes with
respect to temperature and pressure. The large discrepancy between
the Grüneisen parameters calculated from temperature- and
pressure-dependent spectra indicates strong anharmonicity in the
liberational phonon modes.
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Fig. 1 Phase diagram of p-terphenyl. The open markers represent data collected on deuterated p-terphenyl19[Toudic] through inelastic
neutron scattering (open circles) and Raman scattering (open triangles). The filled markers represent Raman scattering data36 [Leme] (blue
filled circles) on p-terphenyl and molecular dynamic simulations37 (green filled circles). The filled orange squares represent optical
spectroscopy results on pentacene-doped p-terphenyl38 [Baer]. The green filled triangles show the temperature dependence at ambient
pressure. The red symbols indicate the temperature and pressure regime of the current study on crystalline p-terphenyl. No solid-solid phase
transition is observed in the measured regime. The black dotted lines represent a guide to denote the different solid-solid phase boundaries.
A boundary gap exists between the deuterated and nondeuterated p-terphenyl.

Fig. 2 Pressure-dependent phonon spectra of para-terphenyl acquired on VISION. (a)(b)(c) Pressure-dependent spectra show only minor
changes from 0 to 1.51 kbar at 10 K; (d)The pressure-dependent phonon energy shifts from 0 to 1.51 kbar at 10 K. Peaks in spectra are fitted
with Gaussian functions. Error bars indicate the fitting tolerance of phonon energy in spectra. Phonon energies at ambient pressure are
labelled and the energy shifts with respect to the energy at 0 kbar are fitted by linear functions. Three representative types of phonon modes
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are plotted based on the pressure dependence. Phonon mode at 14.9 meV does not show much change with pressure; phonon mode at 75.9
meV softens with increasing pressure; and phonon mode at 24.2 meV stiffens with increasing pressure.

Fig. 3 The log-log plot of the energy ratio vs. the volume ratio for four vibrational modes at 𝝂𝟏 = 𝟒. 𝟗 meV, 𝝂𝟏 = 𝟔. 𝟔 meV, 𝝂𝟑 = 𝟏𝟒. 𝟗
meV, and 𝝂𝟒 = 𝟒𝟗. 𝟓 meV. (a) Pressure dependent data yield the Grüneisen parameters of 𝛾63 = 0.09 ± 0.07, 𝛾O3 = 0.12 ± 0.07, 𝛾R3 =
0.10 ± 0.01, and 𝛾S3 = −0.02 ± 0.01. (b) Temperature dependent data yield the Grüneisen parameters of 𝛾65 = −5.5 ± 0.9, 𝛾O5 = 4.4 ±
1.2, 𝛾R5 = 0.3 ± 0.2, and 𝛾S5 = 0.5 ± 0.1. The data points are calculated from the peaks fitting of spectra in Fig. 2 and Fig. 5. The lines are
linear fits, and their slopes are the mode Grüneisen parameters, 𝛾, with error bars shown in Fig .6 (b). The magnitude of 𝛾 is larger in the
temperature dependent data, especially for the low-frequency librational modes. Linear fitting quality depends on the phonon energy from
Gaussian fitting, related to the peak statistics in spectra.

Fig. 4 Temperature-dependent phonons below 74.4 meV (600 cm-1) acquired on FDS. Temperature-dependent neutron spectra of the lowfrequency librational region for p-terphenyl from 10 to 200 K. The spectra were corrected for thermal neutron occupation. There are strong
temperature-induced changes in intensity, energy, and linewidth for various phonon modes but no signs of phase transition.
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Fig. 5 Temperature-dependent phonon spectra of p-terphenyl acquired on VISION. (a) Temperature-dependent phonon spectra of the low
energy modes at 0.5 kbar; (b) The pressure-dependent phonon energy shifts from 10 K to 30 K at 0.5 kbar. Error bars indicate the fitting
tolerance of phonon energy in spectra. Phonon energy at 10 K is labelled at the first points and the lines are linear fits.

Fig. 6 The comparison between the Grüneisen parameters calculated from temperature- and pressure-dependent data. Large differences
are found with no simple correlations between them. The temperature dependent Grüneisen parameters show large variations. Light blue
symbols in (a) and (b) represent the modes with little pressure dependence.
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Table 1: Phonon modes measured by inelastic neutron scattering compared with the results from Raman and IR spectroscopy. [LMAlong molecular axis, SMA1- short molecular axis(perpendicular to molecular plane),SMA2-shrot molecular axis (parallel to molecular
plane), OP-out-of-plane, IP-in plane, Trans-translation, Lib-libration]. Zig-Zag motion looks like a six C alkane which turns into its mirror
image.
Method
Temperature/K

INS (meV)
10
4.9
5.4

INS (cm-1)
10
40
43

Raman (cm-1)24
5
36.3
45.5

6.6
6.9
8.6
9.0

53
55
70
73

52.2
57.4
69.8

IR (cm-1)25
25

45.5
49
54
56.5
63
72
74
81
85.5
91.5

81.7
11.0
12.0
12.4

88.3
97.0
99.6

90.3
95.9
101.4

13.5

109

108.9

14.9

120

118.6

16.5
17.8
22.5
23.7
24.2
27.4

133
144
181
191
195
221

41.0
45.5
49.5
57.1
64.6
69.8
75.9
86.0
95.1
104.2
114.1
120.9

330
367
399
460
521
563
612
693
767
840.2
920.3
974.8

129.0
145.6

1040
1175

162.1

1308

IR (cm-1)26,39
1.3

102
110
114
121

130.1
135.7
146.2

135

Type of Motion27
Lib SMA1
Trans LMA

Lib SMA1
OP-LMA bend

Symmetric ring twist
Zig-Zag motion
Trans SMA1 w/ sym outer ring torsion
Lib SMA2
Outer ring twists w/ center ring
staying put
IP-LMA bend
Lib LMA w/ central ring twist

191.65
218
228
327

Low frequency snake wiggle

394

610
771
821
991
1005
1038
1167
1222
1273
1278

693.1
756.3
846.67
921.15
970.2
1016.45
1041.55

OP-ring torsion
OP-ring torsion
IP-ring rock
Ring breathing of outer rings
OP-ring bend
OP-ring bend
Ring breathing
OP-H-bend
OP-H-bend
OP-H-bend
OP-H-bend
OP-H-bend
Ring breathing
IP-H-bend

IP-H-bend
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